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Abstract

Magnetotactic bacteria (MTB) biomineralize intracellular membrane-bound crystals
of magnetite (Fe3O4 ) or greigite (Fe3S4), and are abundant in the suboxic to anoxic
zones of stratified marine environments worldwide. Their population densities (up
to 105 cells m1-') and high intracellular iron content suggest a potentially significant
role in iron cycling, but very little is known about their population dynamics and
regulation by environmental geochemistry.

The MTB community in Salt Pond (Falmouth, MA), a small stratified marine
basin, was used as a model system for quantitative community studies. Magnetite-
producing MTB predominate slightly above the oxic-anoxic interface and greigite-
producing MTB predominate in sulfidic waters. A quantitative PCR (QPCR) assay
was developed and applied to enumerate four major groups of MTB in Salt Pond:
inagnetite-producing cocci, barbells, the greigite-producing many-celled magnetotac-
tic p)rokaryote (MMP), and a greigite-producing rod. The barbells were identified as
6--Proteobacteria while the rod was identified as the first MTB in the -y-Proteobacteria.
The MMP, previously thought to be a single species, consists of at least five clades
with greater than 5% divergence in their 16s rRNA. Fluorescent in situ hybridization
probes showed significant variation in clade abundances across a seasonal cycle in salt
marsh productivity. FISH also showed that aggregates consist of genetically identical
cells.

QPCR data indicated that populations are finely layered around the oxic-anoxic
interface: cocci immediately above the dissolved Fe(II) peak, barbells immediately
below, the MMP in microsulfidic waters, and the greigite-producing rod in low num-
bers (100 cells m1-1 ) below the gradient region. The barbell reached 1-10% of total
eubacteria in the late season, and abundances of cocci and barbells appeared to vary
inversely. Calculations based on qPCR data suggest that MTB are significant un-
recognized contributors to iron flux in stratified environments.

Barbells can respond to high oxygen levels by swimming toward geomagnetic
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south, the opposite of all previously reported magnetotactic behavior. This behavior
is at least partially dependent on environmental oxidation-reduction potential. The
co-existence of MTB with opposing polarities in the same redox environment conflicts
with current models of the adaptive value of magnetotaxis.

Thesis Supervisor: Katrina J. Edwards
Title: Associate Scientist, Department of Marine Chemistry and Geochemistry, Woods
Hole Oceanographic Institution
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Chapter 1

Introduction

A research proposal requesting support to search for geomagnetically sen-

sitive bacteria would then have been met by peer review with exactly the

same degree of attention as one submitted today proposing to detect sound

production by bacteria.

Richard Blakemore (1982), describing his discovery of magnetotactic bac-

teria in 1975

Magnetotactic bacteria (MTB) were first reported by Richard Blakemore from

sediments of Eel Pond in Woods Hole, MA (Blakemore, 1975). The concept of bacteria

that appear to use the earth's geomagnetic field to navigate grips the imagination,

but thirty years after the intial discovery we are still far from understanding why

this behavior exists. Numerous observations show that MTB contain intracellular

compass needles: chains of small, highly structured crystals of magnetite (Fe3 0 4 ) or

greigite (Fe3S 4). These membrane-bound single domain iron minerals, whose location

and synthesis are genetically encoded (Komeili et a., 2005, Scheffel et al., 2005,

Schiller, 2004), produce a net dipole moment sufficient to align the cell with local

geomagnetic fields. Because the vertical component of the Earth's geomagnetic field

points downwards into the sediments as one moves from the equator towards the poles,

it has long been thought that MTB aligned with this field are able to swim faster to

optimal locations in vertical chemical gradients than bacteria lacking magnetosomes
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(Spring and Bazylinski, 2000). This assumption has still never been directly tested,

and is brought into question by some of the results presented in this thesis (Chapter

4; Simmons et al. (2006a)).

Despite the large number of studies on specific aspects of MTB, we are still far

from understanding why bacteria are magnetotactic. Current work on MTB largely

follows two main tracks, neither of which directly addresses the question. The first

involves deciphering the genetic pathway responsible for magnetite biomineralization

using two cultivated magnetite-producing spirilla (Komeili et al., 2005, Scheffel et al.,

2005); nothing is known about the mechanism of greigite biomineralization. The

second involves EM studies of magnetosome morphology in uncultivated MTB (e.g.

Bazylinski et al. (1994)) and the use of magnetosomes in paleoclimactic studies (e.g.

Petersen and von Dobeneck (1986), Stolz (1992)). Because fewer than ten strains of

MTB have been isolated in pure culture, all of them magnetite-producers, very little

is known about the metabolic capacities of MTB in nature. Most cultivated strains

are freshwater MTB in the genus Magnetospirillum in the a-Proteobacteria. The few

strains of marine MTB available in culture (Bazylinski et al., 1988, Sakaguchi et al.,

2002, Spring and Bazylinski, 2000) can all grow as microaerophiles, some can grow

anaerobically on N2 0 (Bazylinski et al., 1988), and most are capable of oxidizing but

not reducing inorganic sulfur compounds (Williams et al., 2006). For one cultivated

strain, a non-magnetic mutant even has a higher growth rate than the wild-type

(Bazylinski et al., 2004). No strains of greigite-producing MTB have been isolated in

pure culture. The available information on MTB metabolism is clearly insufficient to

determine the possible role of magnetosome synthesis in cellular energy generation,

despite the fact that this may be a plausible hypothesis for the existence of magneto-

somes. Additionally, the possible use of magnetotaxis as a navigational tool by MTB

is not well understood. Not all MTB exist as gradient organisms, and under certain

conditions a large proportion of MTB in natural environments appear to swim in the

"wrong" direction relative to the oxygen-sulfide gradient (Simmons et al. (2006a);

Simmons, unpublished data). Very little is known about the distribution and popula-

tion dynamics of MTB in the environment, which might provide valuable clues about
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the relationship of magnetotaxis to metabolism and/or behavior. In short, despite

thirty years of study, we do not have enough information about MTB to construct

robust testable hypotheses about the selective advantage of magnetotaxis.

The population dynamics and biogeochemical impacts of MTB are as poorly un-

derstood as the rationale for magnetotaxis, and are potentially quite significant on a

global scale. To date, there has been very little work on the ecology of MTB in natural

systems. MTB are found exclusively in microaerobic to anoxic conditions, probably

in part due to the thermodynamics of magnetite and greigite synthesis (Chapter 6).

The largest populations of MTB are typically found at or below the interface between

oxygenated and reduced sediments or waters (Bazylinski et al., 1995, Flies et al., 2005,

Simmons et al., 2004). Magnetite-producing MTB are found in both freshwater and

marine environments, while greigite-producing MTB appear to be unique to marine

environments due to the requirement for reduced sulfur species in greigite synthesis.

Marine MTB are abundant in salt marsh sediments and semi-anaerobic basins world-

wide (Bazylinski and Frankel, 1992, Bazylinski et al., 1995, Farina et al., 1990, Mann

et al., 1990, Spring and Bazylinski, 2000) and occur in deep-sea sediments (Petermann

and Bleil, 1993, Stoltz et al., 1986). These qualitative observations indicate that they

should be globally more abundant than freshwater MTB, but quantitative studies of

their abundances and population structure have been lacking.

The apparent ubiquity and abundance of MTB in stratified marine systems sug-

gests that they play important roles in Fe and S cycling in these environments. Indi-

vidual cells can accumulate large amounts of iron intracellularly: up to 2.2% of dry

weight in one cultivated species (Heyen and Schiiler, 2003), several orders of mag-

nitude greater than the average iron quota of heterotrophic marine bacteria (Tortell

et al., 1996). Moreover, nearly all cultivated marine magnetite-producing MTB are

chemolithoautotrophic S-oxidizers (Spring and Bazylinski, 2000), and many store in-

termediates (S) intracellularly for use as electron donors (Bazylinski et al., 2004, Cox

et al., 2002, Spring et al., 1993). Greigite-producing MTB, which have not yet been

isolated in axenic culture, sequester large amounts of Fe and S in the greigite mineral

(Fe3 S4 ) through an unknown mechanism. Based on the identification of one greigite-
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producer in the 5-Proteobacteria (DeLong et al., 1993), these have been suggested

to function as sulfate reducers, but there is no data to date about their metabolic

function.

Because bacteria containing magnetosomes are not a phylogenetically coherent

group, the only way to study MTB communities in situ is to identify and enumer-

ate the dominant species using molecular methods. Fortunately, their magnetotactic

swimming behavior can be used to easily isolate MTB from other bacteria, which

facilitates identification of their 16s rDNA sequences. Very little is known about the

16s rDNA diversity of marine MTB, despite a high morphological diversity visible in

most natural samples of MTB. Most published MTB sequences are from magnetite-

producing freshwater cocci in the a-Proteobacteria (Spring and Bazylinski, 2000).

Prior to this thesis, only one known greigite-producing MTB was phylogenetically

identified to the species level: the many-celled magnetotactic prokaryote (MMP) in

the 5-Proteobacteria (DeLong et al., 1993). Morphological observations alone in-

dicate that additional groups of greigite-producers are present in stratified marine

environments in the Northeast US and presumably elsewhere as well.

Past studies of MTB in the environment have focused mainly on the morphology

and mineralogy of their intracellular magnetosomes while neglecting phylogenetic

identification. The overall lack of phylogenetic knowledge hinders the development

of molecular probes that are required for accurate enumeration for different species

of MTB in the environment, and consequently, a better understanding of the popu-

lation dynamics of MTB communities. A major focus of this thesis was to identify

the major MTB morphotypes in a model environment (Salt Pond) and use this infor-

mation to assay their population dynamics, with the goal of acheiving an integrated

understanding of the biogeochemical role of MTB.

A complete description of the geobiology of MTB would necesasrily include a

description of the factors controlling MTB community structure, as well as a quanti-

tative understanding of their biogeochemical role. It requires a perspective integrating

environmental geochemistry and cellular biochemistry. For an individual cell, the sur-

rounding water chemistry might dictate whether it precipitates intracellular crystals
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of magnetite or of greigite. For populations of cells, fluctuations in the supply of re-

duced iron and sulfur compounds might dictate the relative abundance of one species

over another. The combination of these factors determines the amount of reduced

iron and sulfur exported from the environment by the activities of the community of

magnetotactic bacteria. This thesis describes an attempt to apply such a perspective

to studies of marine MTB in Salt Pond, an easily sampled and characterized model

system.

Salt Pond as model system

Salt Pond is a small, seasonally stratified meromictic pond (15-20 ft deep) with euxinic

bottom waters adjacent to Vineyard Sound in Falmouth, MA. It shows the chemical

and physical characteristics typical of much larger, more inaccessible stratified basins,

making it an excellent model system for the study of marine MTB. Seasonal or per-

manent chemical gradients between oxic surface waters and euxinic bottom waters

develop in these basins due to a combination of physically restricted water exchange,

thermal heating of surface waters, and high organic matter input. The Black Sea is

the largest such basin in the modern ocean, with a chemocline (defined as the region

where sulfide increases from 0 to 100 /M) approximately 100 meters wide (Luther III

et al., 1991). The ancient oceans are now widely thought (Anbar and Knoll, 2002,

Arnold et al., 2004, Rouxel et al., 2005, Shen et al., 2003) to have contained oxic

surface and iron-rich, sulfidic deep waters similar to the modern Black Sea, as origi-

nally proposed by Canfield (1998). An understanding of how environmental chemistry

regulates MTB populations and subsequent deposition of their intracellular minerals

therefore has strong implications for paleoenvironmental studies.

Prior to this thesis, observations of high concentrations of nanophase magnetic

minerals at the oxycline of Salt Pond (Bazylinski and Moskowitz, 1997) suggested

the presence of MB in significant numbers. Magnetically responsive protists were

also observed at the oxycline (Bazylinski et al., 2000). These initial observations

indicated the presence of a diverse and active MTB community in Salt Pond and
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provided the impetus for initial studies.

A stylized chemical profile for a stratified marine basin is shown in Figure 6-1 (page

168), based on my measurements in Salt Pond (Chapters 2 and 3). Oxygen declines

gradually as depth increases, due to aerobic heterotrophic consumption of organic

matter. A chemocline of varying width develops where oxygen reaches zero, produced

by the continuously diffusing supply of sulfide generated by sulfate reducing bacteria

in anaerobic bottom waters. Maximum sulfide concentrations in the bottom waters of

Salt Pond are typically around 1 mM. The width of the Salt Pond chemocline varies

seasonally and depends largely on ambient temperature and degree of insolation. The

largest chemocline width observed in Salt Pond was 4-5 ft (1.2 m) in mid-late August.

The change in chemocline width from the onset to breakdown of stratification is shown

in a series of water column profiles from summer 2003 (Appendix B, page 200). The

chemocline typically appears in mid-late June and can last through October if weather

conditions are favorable.

Intermediate sulfur compounds (SO, thiosulfate, and polysulfides) are often found

at the upper boundary of the sulfide zone (Jorgensen et al., 1991, Jorgensen et al.,

1979, Ramsing et al., 1996), although I did not measure these directly in Salt Pond.

(Appendix A [page 181] describes the initial implementation of a voltammetric elec-

trode system to measure these species; for additional details, see Canovas (2006)).

A peak in dissolved Fe(II) is present at the base of the chemocline, where sulfide

concentrations are insufficient to sequester it as solid Fe-sulfides. Typical maximum

concentrations of total dissolved Fe at the chemocline in Salt Pond are 3-5 PM, and

occasionally reach as high as 11.5 ILM. A peak of particulate Fe is often found imme-

diately above the chemocline, due to the upward flux of Fe(II) into oxygenated waters

(Murray et al., 1995). The presence of oxidants and reductants at the chemocline,

as well as a physical density gradient between warm surface waters and cool bottom

waters, results in elevated bacterial counts and dense plates of anoxic phototrophs

where light is available (e.g. Tonolla et al. (2000)). These appeared in Salt Pond as a

purple to brown coloration of water in the chemocline region, and usually coincided

with maximum abundance of magnetotactic bacteria and protists (Fig. 1-1).
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Salt Pond has been used for previous studies on chemical cycling, particularly in-

volving DMSO (Wakeham et al., 1984, 1987), amino acids (Lee and Jorgensen, 1995),

and primary production (Lohrenz et al., 1987, Taylor et al., 1983). A facultative

metal-reducing anaerobe (Pantoea agglomerans) was also discovered in sediments of

Salt Pond (Francis et al., 2000). The water column chemistry described in these

studies is not substantially different from measurements made in this thesis.
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Oxygen
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Figure 1-1: Depth profile of water samples from Salt Pond, showing the appearance
of a "plate" of anaerobic photosynthetic bacteria at the oxycline. The oxycline is also
the preferred habitat of MB.
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Summary of chapters

Chapter 2 presents a largely qualitative description of the magnetotactic bacterial

community in Salt Pond during the summer of 2002 in conjunction with chemical mea-

surenients. The summer of 2002 was exceptionally hot and dry, which resulted in an

extensive chemocline and large-scale blooms of different morphotypes of MTB. I de-

termnined the broad depth-related patterns of MTB morphotypes. Briefly, magnetite-

producing cocci occurred at the top of the chemocline, the greigite-producing "many-

celled mnagnetotactic prokaryote" predominated in slightly sulfidic waters below the

oxic-anoxic interface, and a large greigite-producing rod occurred at low abundance

in the sulfidic waters of the hypolimnion. Blooms of the cocci ocurred in the early

and late season when the chemocline was narrower, while the MMP predominated in

mid-summer when the chemocline was widest.

I sequenced 16s rDNA from samples highly enriched in the large greigite rod, which

had not been previously identified, and determined that it belonged to the -y class of

the Proteobacteria (Fig. 2-5, page 49). It is the first MTB to be identified in the -'

class. To isolate these sequences, I used a multiplex PCR technique to remove masking

sequences from the Chlorobiales, which initially dominated sequence libraries. This

technique also revealed extensive bacterial diversity in the chemocline (Table 2.1, page

42). DGGE analysis indicated that green sulfur bacteria (Chlorobiales) dominated

in the chemocline, while unidentified Cytophaga/Bacterioides sequences dominated

in the hypolimnion. DGGE proved to be an ineffective mechanism of isolating MTB

sequences, however.

Chapter 2 was published in Applied and Environmental Microbiology (Simmons

et al., 2004).

Chapter 3 puts the intitial observations of MTB in Salt Pond on a quantitative

footing and documents the unexpected abundance in situ of the unusual "barbell"-

shaped MTB described in Chapter 4. I developed a quantitative PCR assay for four

major groups of MTB in Salt Pond and applied it to samples collected in conjunction

with chemical measurements during the summer of 2003. The development of the
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qPCR assay required the phylogenetic identification of two of the dominant MTB

groups observed in Salt Pond: the greigite-producing rod and the barbell (Chapter

4). I used sequencing and catalyzed reporter deposition-fluorescent in situ hybridiza-

tion (CARD-FISH) to identify these organisms. The greigite rod is distantly related

(about 10% sequence divergence) to Thiomicrospira pelophila in the -y-Proteobacteria

(Fig. 3-3, page 93), while the barbell is distantly related to various Desulforhopalus

species in the family Desulfobulbaceae of the 6-Pro teobacteria (Figure 4-2, page 112).

The results from estimated cell counts obtained with qPCR broadly supported

the findings presented in Chapter 1, but also revealed new patterns. Foremost among

these was the dominance of the barbell MB in the late season, where it comprised

1-10% of all eubacteria. I also obtained higher resolution depth profiles which showed

the cocci peaking in abundance slightly higher in the water column than the barbell

(Fig. 3-6, page 94). The large greigite-producing rod occurred at low cell numbers

throughout the season, of order 100 cells ml-'. All cell counts and relative abundances

obtained with quantitative PCR are shown in appendix B (page 200). On the whole,

the summer of 2003 was cooler and wetter than 2002 and the extensive )looons of

MMP and cocci observed in 2002 were not present.

I also present calculations based on measurements of cellular magnetosomne content

in each MTB morphotype which suggest that MTB could be significant contributors

to the flux of reduced Fe out of stratified marine environments (Table 3.5, page 89).

Chapter 3 was submitted to Applied and Environmental Microbiology in March

2006.

Chapter 4 describes my investigation of an unexpected phenomenon: the presence

of MTB with south polarity ("south-seeking") in the northern hemisphere. Previ-

ously, it was thought that all MTB in the northern hemisphere swain to geomagnetic

north when oxygen levels were higher than optimal (north polarity), because that

would lead them downwards into anoxic waters or sediments. South polarity means

that MTB swim towards geomagnetic south when oxygen levels are higher than opti-

mal, a behavior that does not make sense in the context of finding an optimal position
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in a chemical gradient. I show that the newly described "barbell" MB, which I also

identify in this paper, displays south polarity which appears to co-vary with environ-

mental oxidation-reduction potential (ORP).

I first observed the barbell in high numbers in September 2003, when the popu-

lation was approximately evenly divided between cells with north polarity and cells

with south polarity. Katrina Edwards and Dennis Bazylinski observed extraordinarily

high numbers of the barbell on July 2, 2004, when the population was comprised al-

most entirely of cells with south polarity (Fig. 4-1, page 111). As it later turned out,

this skewed polarity distribution is unusual. My observations of the barbell in Salt

Pond in 2005, when I deployed a custom-designed and built sampler (Appendix 1)

in conjunction with a YSI 600QS sonde for measuring ORP, indicated more complex

regulation of polarity.

Chapter 4 was published in Science (Simmons et al., 2006b).

Chapter 5 describes an unexpectedly high level of 16s rDNA diversity in pop-

ulations of the many-celled magnetotactic prokaryote (MMP), an unusual packet-

forming greigite-producing organism abundant in slightly sulfidic sediments of the

Little Sippewissett salt marsh. The MMP, previously thought to be a single species,

in fact contains at least five separate clades separated by 5-10% sequence divergence

in their 16s rDNA (Fig. 5-1, page 135). Rarefaction analysis and other diversity

estimators show that I fully sampled diversity at that divergence level. I designed

fluorescently labeled oligonucleotide probes corresponding to three of these clades,

including the most abundant clone group (Table 5.1, page 122), and applied them to

purified MMP collected from the marsh. The abundance of each group did not clearly

correlate with sampling date, indicating that more subtle factors determine their rela-

tive abundances. It is likely that each group utilizes a slightly different carbon source

and/or redox potential for optimum growth. I also show that each aggregate consists

of cells that are genetically identical with respect to their 16s rDNA genes (Fig. 5-2,

page 136).
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Chapter 6 is a comprehensive overview of the geobiology of inagnetotactic bac-

teria, which I define as an integration of population dynamics and environmental

geochemistry. I present an overview of molecular methods that can be used to study

the ecology of MTB, including those described in this thesis. I also describe ttiermo-

dynamic considerations regulating the growth and distribution of MTB, as well as

the possible influence of MTB on reduced Fe cycling in stratified environments.

Chapter 6 will be included in a forthcoming book, Magnetoreception and Magne-

tosomes in Bacteria, edited by Dr. Dirk Schiller.

Appendix A describes the development and application of a new sampler for ac-

curately sampling from stratified bacterial populations in Salt Pond. I present my

funded proposal to the WHOI Ocean Venture fund and provide a brief overview of

initial results.

Appendix C describes in situ carbon fixation experiments that I carried out in

Salt Pond in fall 2003, with the goal of determining rates of light and dark carbon

incorporation in the chemocline.
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Chapter 2

Spatio-temporal distribution of

marine magnetotactic bacteria in a

seasonally stratified coastal salt

pond
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2004. Spatio-temporal distribution of marine magnetotactic bacteria in a sea)sonally
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6239

Abstract

The occurrence and distribution of magnetotactic bacteria (MB) were studied as a
function of the physical arid chemical conditions in meromictic Salt Pond, Falnouth,
MA, USA throughout summer 2002. Three dominant MB morphotypes were ob-
served to occur within the chemocline. Small microaerophilic magnetite producing
cocci were present at the top of the chemocline, while a greigite-producing packet-
forming bacterium occurred at the base of the chemocline. The distributions of these
groups displayed sharp changes in abundance over small length scales within the wa-
ter column, as well as strong seasonal fluctuations in population abundances. We
identified a novel, greigite-producing rod in the sulfidic hypolimnion that is present

29



in relatively constant abundance over the course of the season. This rod is the first
MB that appears to belong to the -y-Proteobacteria, which may suggest an iron rather
than sulfur-based respiratory metabolism. Its distribution and phylogenetic identity
suggest that an alternative model for the ecological and physiological role of magne-
totaxis is needed for greigite-producing MB.

2.1 Introduction

Magnetotactic bacteria (MB) are motile Gram-negative bacteria whose directional

swimming behavior is affected by the Earth's geomagnetic and external magnetic

fields. They contain highly ordered intracellular chains of magnetic iron minerals,

either magnetite (Fe3O4 ), greigite (Fe3S4) (32), or in one case, both (4). Magnetite

MB (MMB) are found in both freshwater and marine environments, while greigite

MB (GMB) appear to be unique to marine systems. Both MMB and GMB are

present in salt marsh sediments, stratified salt ponds, estuarine basins in the eastern

coastal US (2-4, 31, 32, 51), coastal marshes along the California coast (E.F. DeLong,

pers comm.), and in other similar habitats worldwide, as well as deep-sea sediments

(42). This widespread distribution of marine MB suggests that they are globally more

abundant than freshwater MB.

All known MB share certain characteristics: motility by means of flagella, nega-

tive tactic responses to atmospheric concentrations of oxygen, optimal growth under

mnicroaerophilic or anaerobic conditions, and a respiratory metabolism (51). MB

are typically found at or below the oxycline in sediments and water columns, and

can reach significant population densities: the freshwater MMB "Candidatus Mag-

netotacticum bavaricum" reached 7x10 5 cells per cm 3 at the oxycline in freshwater

sediments (48). Many, if not most groups of MB that have been observed in the

environment have not been grown in pure culture in the laboratory. Fewer than ten

strains are available in pure culture, and most of those are magnetite-producing a-

Protcobacteria of the genus Magnetospirillum from freshwater environments. A few

strains of marine MMB are available in culture (5, 45, 51). These strains are all

microaerophiles when growing on 02, and some can grow anaerobically on N20 (5).
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All are capable of oxidizing but not reducing inorganic sulfur compounds, with the

exception of the freshwater sulfate-reducing rod Desulfovibrio magneticus (45). GMB

have not yet been isolated in axenic culture.

Magnetotaxis occurs among several distinct phylogenetic lineages. Molecular

analysis has shown that freshwater MMB are generally affiliated with the (t-Proteobactem'a

(48-50). Exceptions are D. magneticus in the 6-Proteobacteria (21) and the Candida-

tus M. bavaricum in the Nitrospira phylum (52). The phylogeny of GMB is unknown,

with the exception of one uncultivated packet-forming GMB called the "many-celled

magnetotactic prokaryote" (MMP), which has been identified as a 6-Proteobactehrinu

using fluorescent in situ hybridization (FISH) (12).

The ecology of GMB remains almost completely uncharacterized. Although sev-

eral studies have examined mechanisms of biomineralization in GMB (17, 43), little

information is available concerning their distribution, population structure, or geo-

chemical significance. The composition of greigite (Fe3S4) and the abundance of

magnetosomes in GMB suggest that they may play a significant role in marine iron

and sulfur cycling in coastal regimes. GMB can accumulate picograins of solid Fe and

S per cell, transforming dissolved complexes into reactive minerals. As cells die and

lyse, these minerals may accumulate in the sediment and provide reactive surfaces

for further microbial (47) and chemical transformations leading eventually to pyrite

formation. Pyrite formation is the endpoint of the reductive portion of the sulfur

cycle, suggesting a biogeochemically important role for GMB. The energy-yielding

reactions used by GMB are also unknown. Phylogenetic affiliation of the MMP with

the 6-Proteobacteria (12) suggests a sulfate or iron-reducing metabolism. Greigite is

metastable under the reducing conditions favored by MMP and should transform to

pyrite (8), indicating that GMB must actively control the intracellular redox environ-

ment.

We have conducted studies on the ecology and biogeochemical role of GMB in

Salt Pond, a small seasonally stratified (monomictic) coastal salt pond in Falnouth,

MA (Fig. 2-1). Small saline lakes provide compact physiochemical gradients ideal

for the study of microbial distributions as a function of redox chemistry. Studies
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on permanently and seasonally stratified lakes have shown characteristic changes in

microbial communities across the interface between euxinic bottom waters and oxic

surface waters (10, 39, 40, 44, 54). The oxycline (metalimnion) of these stratified lakes

typically shows elevated cell counts, peaks in dissolved and particulate iron, and large

populations of anoxic phototrophs where light is available (e.g.(54)). The basic water

column chemistry of Salt Pond is similar to that of larger enclosed marine systems,

such as the Pettaquamscutt Estuary, RI, US (37), the Black Sea (35), and Framvaren

Fjord, Norway (60). It has been used for previous studies on chemical cycling (25, 27,

53, 58), and is both accessible and easy to sample. The rapid changes in water column

chemistry with the onset, persistence, and breakdown of water column stratification

offered the opportunity to examine MB populations in relation to iron, sulfide, and

oxygen levels.

Previous measurements of nanophase magnetic minerals in Salt Pond showed a

peak at the oxycline (6), suggesting the presence of MB in significant numbers. Nu-

merous unpublished observations by co-authors of this paper indicated the presence

of a significant MB community comprised of at least four different morphotypes at

and slightly below the metalimnion. Magnetically responsive protists were also ob-

served at the oxycline (7). MB appeared to be associated with peaks in dissolved and

particulate iron also present at the oxycline. Peaks of particulate Fe(III) are often

observed immediately above marine chemoclines due to the upward flux of Fe(II) into

oxygenated waters (35, 60).

Here we report the results of studies aimed at (1) describing the distribution of

different MB morphotypes and phylotypes with respect to physical and chemical envi-

ronmental conditions, and (2) determining how marine MB impact chemical cycling in

this stratified water column. This report describes changes in marine MB population

structure and water chemistry in Salt Pond during summer 2002.
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2.2 Methods

Site description

Salt Pond is a shallow, brackish, seasonally stratified kettle hole pond in Fahnouth,

MA (Fig 2-1). It is approximately 4.6-5.8 m deep with a surface area of 0.29 km2

(53), and is surrounded by 0.02 km 2 of salt marsh (9). The pond has a perma-

nent tidal exchange with Vineyard Sound, and freshwater input comes from runoff,

rainwater, and groundwater. Average daily tidal amplitude is approximately 0.6111

(http: //co-ops. nos. noaa. gov/data-res. html). The pond becomes stratified be-

ginning in early summer and develops sulfidic bottom waters. As of nmid-October

thermal stratification begins to break down. The epilimnion of Salt Pond is highly

productive: Wakeham et al (58) measured chlorophyll a concentrations of 70 mug L-

in mid-August.

Physical and chemical sampling

Salt Pond was sampled from a small aluminum rowboat. Salinity, temperature, anmd

oxygen data were measured using an YSI 85 profiler (Yellow Springs Inc., Yellow

Springs, OH, USA) in the field to determine the location of the oxycline. The YSI

electrode was fixed to the modified intake of a Geopump peristaltic punip (Geotech

Environmental Equipment, Inc., Denver, CO, USA), allowing simultaneous water

sampling and profiling. Water samples were taken every 0.3 m above and below the

oxycline, and every 0.15 m within the oxycline. Water was collected in autoclaved

1-liter Nalgene bottles. The pH was measured on board using an Orion 250A field pH

meter (Orion Research Inc., Beverly, MA, USA). Water for iron and sulfide analyses

was withdrawn directly from the pump tubing with 1 ml syringes.

Chemical analysis

Iron was measured using the FerroZine method as outlined in (57). Sterile 1.5 ml

microcentrifuge tubes were pre-prepared with 100 pl of 10 mM FerroZine (FZ) in
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100 mM ammonium acetate. 500 jl unfiltered water was placed in each tube. Tubes

were stored in the dark until analysis immediately on return to the lab, 1-2 h after

collection. Initial absorbance (Al) at 562 nm was measured on a UV-Vis spectropho-

tometer, followed by a 10 min reduction step with 150 ftl 1.4 M hydroxylamine HC1

in 2 M HCI. 50 fil of 10 M ammonium acetate buffer at pH 9.5 was added, and final

absorbance (A2) was measured. Standard curves were constructed from a 200 ppm

ferrous iron standard in sulfuric acid (LabChem Inc., Pittsburgh, PA, USA) diluted

in 2 % NaCl solution. Al corresponds to [Fe(II)], and A2 to [Fe(II)+Fe(III)]. Fe(III)

was calculated by difference.

Sulfide was analyzed according to the Cline method (11). In the field, 0.5 nil

water was placed into microcentrifuge tubes containing 1 ml 2.6% zinc acetate so-

lution. On return to the lab approximately 1-2 hrs later, 200 pl N,N-dimethyl-p-

phenylenediamine sulfate (DPDS, 0.3% in 5.5 N HC1) and 200 [d ferric chloride

(0.0115 M in 0.6 N HC1) were added and the sample incubated for 30 miin. Ab-

sorbance was measured at 665 nm. Standard curves were constructed using dilutions

of a 100 mM sodium sulfide solution fixed in 2.6% zinc acetate.

Sample handling

Within 2 Ii of collection, bulk water samples were withdrawn from the bottles for

fixation and DNA extraction. MB were then concentrated by placing the south pole

of a bar magnet against the side of the bottle. After 1 Ii, MB were harvested next

to the magnet with a pasteur pipette. Both bulk water and MB enriched samples

for DNA extraction were concentrated by centrifugation by spinning at 10,000x g

for 15 min. The supernatant was decanted, and the resulting pellet stored at -80C.

Samples for cell counting were fixed in 4% paraformaldeyde overnight, then filtered

onto 25 mum black Millipore Isopore polycarbonate filters (pore size 0.2 PM). Filters

were rinsed with a sterile 2% NaCh solution, air-dried, and stored in parafilm-sealed

petri dishes at -20 'C until further analysis.
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Microscopy

A 100 pl drop from the enrichment was placed on a glass coverslip, and the south

pole of a bar magnet was placed near the drop. MB accumulated at the edge of

the drop closest to the bar magnet, and were examined at 40x magnification on

a Zeiss Axiovert 100 inverted microscope with differential interference contrast light

microscopy for evaluation of MB morphotypes present. In some cases MB were further

enriched by using a 10 pl glass capillary tube to remove liquid from the edge of a drop

where high densities of MB had accumulated ("capillary samples"). These samples

were frozen at -20'C immediately.

Microbiological and molecular analysis

Based on initial chemical and microbiological data, three representative time-points

(June 26, August 2, and October 9) were chosen for further analysis. To obtain total

cell counts, filters were stained with a 1 g mil- DAPI solution for 3 miii, rinsed in

a 2% NaC1 solution, and examined with an inverted Zeiss Axiovert 100 microscop)e

equipped with a mercury arc lamp and appropriate filters. Seven fields were counted

per filter based on statistical recommendations in (22). The mean and standar(d error

of total cell numbers were calculated for each filter.

DNA from magnetically enriched and bulk water samples was extracted using a

standard CTAB/isopropanol precipitation protocol (1). For denaturing gradient gel

electrophoresis (DGGE), initial PCR amplification of the 16S rRNA gene was carried

out using the 341F-GC clamp and 907R primer pair using a touchdown protocol (46).

After quantification on an agarose gel using a low molecular weight mass standard

(Invitrogen), amplification products were run on a 20-70% denaturing gradient gel

for 18h at 100 V (Bio-Rad Dcode system). Magnetically enriched and bulk water

samples from the same depth were run in adjacent lanes. Gels were stained in a

1:10,000 solution of SybrGreen I (Molecular Probes) in lx TAE for 1 h and visualized

on a transilluminator system. Individual bands of interest were excised.

DNA was eluted by overnight incubation of the acrylamide band in sterile MilliQ
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water at 4°C . PCR was carried out on the band DNA using the 341F (non-GC)

and 907R primer pair. The protocol used (46) was: (1) initial denaturation for 5 mrin

at 94°C , (2) 25 cycles of 94°C (1min), 55°C (1 min), and 72°C (3 min), and (3)

extension for 7 min at 72'C . Products were cloned into the pCR2.1-TOPO vector

(Invitrogen). Minipreps were performed using the Wizard SV kit (Promega), and

plasmids were quantified on an agarose gel using mass ladders (Invitrogen). Alkaline

lysis minipreps were also done in 96 well format on a RevPrep Orbit at the Josephine

Bay Paul Center, Marine Biological Laboratory (MBL), Woods Hole, MA. Sequenc-

ing reactions were run using 1/8x reactions from the ABI v3.1 BigDye kit (Applied

Biosystenis) on an ABI 3730xl capillary sequencer, also at the MBL.

Clone libraries were also constructed directly from four capillary samples showing

high MB levels. 1 pl of sample was used directly in PCR. These samples were

amplified by PCR with the bacterial primers 341F (non-GC) and 1492R. The PCR

protocol used was: (1) initial denaturation at 94°C for 2 min, (2) 25 cycles of 94°C

(1 rain), 47°C (1 min), and 720C (3 min), followed by (3) extension for 7 mrin at

72°C. The products were cloned and sequenced as described above.

PCR reactions on the capillary samples were also performed using a multiplex

approach with a reverse primer specific for green sulfur bacteria (GSB) and eubacte-

rial primers (314F, 1492R). These reactions were used to enrich for non-Chlorobium

sequences (see below). The reaction mixture contained primers 8F or 341F at 0.5pM,

1492R at 0.25 pM, and 1144R (GSB-specific,(1)) at 0.25 pM. Optimal annealing tem-

perature for production of two bands was determined using the temperature gradient

feature of the BioRad iCycler. The PCR protocol used was 30 cycles of 94°C (1

min), 49°C (1 min), and 72°C (3 min), followed by extension for 7 min at 72°C. The

amplification produced two bands of different length, one from the 314F and 1144R

primer pair (specific to GSB), and the other from the 314F-1492R set (all Bacteria).

Bands corresponding to 8F-1492R or 341F-1492R sequences were excised from 1%

agarose gels in TAE and DNA was isolated using Qiagen gel purification kits. The

products were cloned and sequenced as described above. Several samples of interest

were sequenced from both directions using the universal M13F and M13R primers.
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Chromatograms were edited and contigs assembled using the Staden software

package (http://www. mrc-lmb. cam. ac. uk/pubseq/). Sequences were imported into

a pre-existing 16S rRNA database provided with ARB (30) and aligned using the ARB

editor. Bootstrap parsimony and maximum likelihood trees were constructed using

the Phylip package (http://evolution. genetics. washington. edu/phylip. html).

Fluorescent in situ hybridization (FISH) was carried out on 10-well slides coated

with a gelatin solution (0.075% gelatin, 0.01% chromium potassium sulfate dodecaly-

drate). 5 yl of paraformaldehyde-fixed sample stored in 1:1 PBS:EtOH was spotted

into each well, air-dried, and dehydrated in an ethanol series (50%, 80%, and 98%,

3 min each). A dual stain was performed using probe GAM42A (Cy3) targeting 23S

RNA (33) and the nonsense probe NON338 (flourescein)(59) as a control for non-

specific uptake of labelled probe. Fixed cells of Vibrio parahemolyticUs were used

as a positive control for probe GAM42A and cells of the a-Proteobacterium MV-1

as a negative control. Hybridization with 35% formamide and a subsequent wash

were carried out following protocols described in (41). Images were captured from an

inverted Zeiss Axiovert 100 with a digital camera and processed in Adobe Photoshop.

Electron microscopy

Transmission electron microscopy (TEM) was carried out at the MBL Central Micro-

scope Facility with a Zeiss 10CA microscope operating at 80kV. Selected area electron

diffraction (SAED) measurements were carried out at the MIT Center for Materials

Research with a JEOL Model 200CX microscope operating at 200kV. The nmicroscope

camera length was calibrated with a sample of thallous chloride.

Nucleotide sequence accession numbers

Sequences obtained in this study were deposited under the following accession nuin-

bers: AY587877-AY587881 (putative magnetic cocci cluster), AY587194-AY587198

(Thiomicrospira-related cluster), AY587199-AY587207 (Stentrophomonas-related clus-

ter), and AY589474- AY589488 (individual clones, shown in Fig. 2-6).
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